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1. INTRODUCTION

One of the most important processes in modern tube technology is the
brazing of ceramic and metal parts for the tube envelope and the tube config-
uration. The brazing process has to fulfill several requirements:

A. Must be vacuum tight

B. Must withstand high temperature changes, ie, support thermal shocks

and thermal fatigue

C. Must meet high tolerances

D. Must be of reasonable cost and have some special application, ie,

depressed collector rf window or brazed ceramic supports of delay
lines

E. Must provide good heat transfer, ie, must not present a thermal bar-

rier for the heat flow

F. Must have low rf losses

Numerous studies on a large number of different brazing processes have
been made. The most commonly known and the most reliable process is the moly-
manganese process. However, this process is deficient in two main require-
ments - good heat transfer and low rf losses. The heat transfer between the
metal and the ceramic is poor because a thermal barrier is created between the
ceramic and the metal by a glassy phase necessary for strong bonding. The rf
losses are high because the rf current flows in a film of relatively high
resistivity with a roughness that is high compared to the skin depth.

For improvement of the brazing for high power microwave tubes, a ltudyl
of a process has been made by using the thin film sputtering technique which
is currently used in integrated circuit technology. This process lends itself
to a smooth surface with no thermal barrier and the use of a high conductivity
copper film. As a result, the losses of meander lines in crossed-field ampli-
fiers (cfa) decreased by a factor of 2 from 5 dB to 2.5 dB at 4 GHz and from
10 @B to 5 @B at 8 GHz and approach the theoretical value of a smooth copper
line. Moreover, the thermal conductivity approaches the theoretical heat con-
ductivity of the BeO ceramic. No fundamental heat barrier was formed as in

1 Cook, M.L., Moats, R.R., "Influence of Metal-Ceramic Bonding Process in
Cross-Field Amplifier Performance," Conference Record of 1973 Eleventh Con-

ference on Electron Device Techniques, IEEE, New York.




the case of the moly-manganese process. This improvement increased efficiency
to 30% (compared to 20% for moly-manganese) and increased average power to
more than 1 kW (compared to 750 W for moly-manganese).

However, it was soon found that the new brazing process was much more
sensitive to thermal fatigue. The bonding of the sputtered copper line de-
graded much faster than the moly-manganese line when the temperature was
cycled between 500°C and room temperature. The result of this thermal fatigue
phenomenon is limited life of the cfa in field operations and low production
yields.

The Air Force Avionics Laboratory was aware of this problem and awarded a
contract (No. F33615-75-C~1096) to Warnecke to study the thermal fatigue be-
havior of sputtered metallization. This report describes the findings during
the first phase of this program.

2. ANALYTICAL TOOLS
2.1 Pull Test

In order to evaluate the strength of metal-ceramic bonds, a measuring
technique must be well defined and economical. The method used consisted of a
tensile pull test assembly comprised of a 1/2-inch square portion of a sput-
tered coupon sandwiched between two OFHC copper rods as depicted in figure 1.
This configuration was secured in a stainless steel fixture where a screw,
with 20 inch-pounds of torque applied, transmitted pressure to the copper rods
during diffusion brazing at 1000°C. Subsequent loading to failure in uniaxial
tension was performed. Resultant failure stress measurements provide a direct
indication of the adhesion of the composite sputtered films to the beryllia
substrate.

The pull test rod assembly also serves as a convenient test vehicle to
quantify the effects of thermal cycling. A downward trend of bond strength
and changes in the failure mode with thermal cycling were observable.

The rationale in using waffled rods as opposed to solid bars is that
given the relatively thin substrate, less shear is imparted to the sputtered
surface with the waffled configuration. Since the BeO substrate will not ac-
commodate plastic deformation in tension, the copper rods and the sputtered
metallic layers must accommodate all the doforﬁation prior to fracture.
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Tensile fracture of moderately ductile polycrystalline metals such as copper

-
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eventually produces a necked region as shown in figure 2. Fracture begins at
the center of the specimen and then extends by shear along the dashed lines

D

: (figure 2). A shear fracture occurs as the result of excessive slip on the
active slip planes. This fracture mode is promoted by a resolved shear
stress.?2
i
; 3/8-INCH OFHC COPPER RODS
% WITH SPECIAL WAFFLED ENDS
s
f.
BeO CHIP SPUTTERED WITH
f Ti-Mo-Cu ON BOTH FACES
i 156-021291
5 |
{
Figure 1. Pull Test Assembly, Schematic Diagram.
? Dieter, George E., Mechanical Metallurgy, McGraw-Hill, 1961, p 191.
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Figure 2. Ductile Fracture Observed in Polycrystalline
Metals Subjected to Uniaxial Tension.

156-021292

It is generally recognized that the smaller the gauge length or the cross
sectional area, the greater the influence of local deformation at the necked
region.3 In order to minimize the magnitude of the shear stress component, a
value of less than twice the thickness of the load transmitting ceramic was
selected.? This corresponds to a dimension of 0.042~inch-square waffles. The
result is a true measure of the stress necessary to fracture the weakest com-
ponent of the structure and a valid comparison base from sample to sample.

The technique set forth in ASTM-F19-64 for testing tension and vacuum
metallized ceramic seals® was not used because the configuration does not cor-
relate with the end product. This method relies on a relatively thick ceramicr
sample with a reduced cross section in the region of the bonding system. The
configuration of the samples is expensive to manufacture out of BeO and does
not simulate eventual usage. Conventionally, this testing method has been
used to evaluate thick film hermetic seals of the moly-manganese type and is
not appropriate to the thin-section geometry investigated.

3 1bia, p 253.

4 O'shea, R., Private Communication to R. Russell, 1975.

American Society for Testing and Materials, "Tension and Vacuum Testing
Metallized Ceramics," Specification F19-64, Part 3, p 366-370.

5
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2.2 Peel Test
A technique for evaluating the general adhesion was devised. The test
involves scraping the sputtered films with a scalpel blade as depicted in
figure 3. Examination under a microscope led to the following rating system:
A. Designates an extremely tenacious film; the copper layer snow plows
and will not peel down to the ceramic even after repeated shaving.
B. Designates a fairly strong adhered film; some discontinuous patches
of peeled metallizing in a matrix of adherent copper; may require

more than one pass of the knife to remove some copper (swiss cheese

AT RS

appearance) .
; C. Designates a film of moderate strength; peeling occurs continuously
§ with difficulty and only in the area of the knife slice.
D. Designates poor film adherence; peels with little effort in the area
of the knife contact region.
E. Designates a film of essentially no adherence; copper peels as a
T foil with no effort, virtually no knife is needed; lifting can be
started and continued with the use of tweezers.

Y e

LS

30°

156-021293

Figure 3. Technique Employed for Peel Test.




Rating is subjective, but it reflects a greater level of adherence than
the conventional tape test. A tape test similar to -p-1757° is commonly
used, but this test will only discriminate between the lower ratings of D and
E designated above. No differentiation can be made between A, B, or C ratings,
which are the more critical levels of importance for sputtered films which are
intended to positively anchor components to a ceramic substrate. A number of
other peel or shear testing methods are in fairly wide use. One test is to
braze a strip of Kovar onto the metallized ceramic with a tab left protruding
beyond the ceramic edge so that it can be attached to a fixture for pulling
and recording the force.7 This test results in a shear peel failure and is
useful where the ceramic is large enough to be easily held. Because of the
geometry of thin substrate and the more uniform pull test used for obtaining
fracture stresses, the knife peel test is considered to be a discriminating
guide to thin film adherence under shear. As a practical quality control test
for production usage, it lends itself to quick results, and when coupled with
pull test results gives a suitable guide to film integrity.

2.3 Microscopy

Samples of sputtered substrates were mounted perpendicular to the sub-
‘ strate thickness and prepared for conventional metallography. The purpose of
this technique is to reveal general film structure and surface irregularities.
Figure 4 is a comparison of a thick film moly-manganese metallized substrate
versus a thin film gputtered substrate. A marked difference in contour is
revealed, the sputtered sample having a very uniform surface compared with the
rough surface for -the moly-manganese metallized sample. Inherent to the moly-
manganese process is the presence of a glassy phase, which is the bonding
mechanism. It also acts as a barrier to heat transfer and a source of rf
losses. Figure 5 is a comparison of the individual layer thicknesses. Light
microscopy reveals the general differences between the two metallizing proc-
esses and is a good means to measure overall thicknesses; however, due to the
resolution limit of about 0.5 millimeter, interfaces between layers are not
discernible.

6 rpederal Specification TT-P-1757, "Primer Coating, Zinc Chromate, Low-Moisture-
Sensitivity,” 14 August 1972.

Kohl, Walter H., Handbook of Materisls and Techniques for Vacuum Devices,
Reinhold Publishing, 1967, p 461.
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Figure 4. Comparison of Sputter Metallization and
Moly-Manganese Metallization.
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Figure 5. Comparison of Metallizing Layer Thicknesses.

2.4 Scanning Electron Microscope

The advantages of the scanning electron microscope (SEM) arise from the
fact that the surface of a sample is available for examination, including sim-
ple observation, at resolution much better than that of the optical micro-
scope, and with a depth of field that is orders of magnitude greater. This
three-dimensicnal capability affords an excellent means to study the topology
of the ceramic l\i:fm 'u\d the effects of different preparations prior to
metallization.

2.5 Ion Microprobe i

To study surface chamistry the ion microprobe is an excellent technique.
Oxygen is ionized using a 32-&\! potential and directed through a mass spectrum
separator; the resultant ions are focused on the sample with a beam diameter
of 500 . a plasma is established which sputtere ions on the surface to a
depth of 50 R. The emitted ions are collected and analyzed using another mass
spectrometer.

The output is a relative intensity of a particular emitted ion or a scan
of all ions yielding a detailed description of what elements and radicals were

12
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present on the sample surface. By moving the beam across the sample a surface
description is obtained. If the beam is left stationary and the ion selection
held constant a profile of depth is achieved due to the sputtering into the

sample. This analytical technigue can be used to study surface contamination,

surface chemistry, or concentration gradient of a particular element below the
surface.

2.6 Electron Microprobe

If a beam of electrons is directed at a sample surface, X rays are emit-
ted. The X rays can be analyzed for their origin element. By scanning the
surface with the incident beam, analysis of X ray renders a spatial mapping of
a particular element. This technique lends itself to the study of film mor-
phology and atomic diffusion between sputtered layers.

Typically, the primary electron beam is 50 R in diameter and penetrates a
sample to a nominal depth of 500 X, depending on the elements involved and the
density of the sample. In order to aid selection of elements to be analyzed,
an X-ray spectrum is taken of a surface. Detectors are then set for a par-
ticular element and a scan taken of the area of interest. This technique was
used to examine sputtered film continuity and titanium diffusion after thermal
cycling of sputtered products.

2.7 Mass Spectrometer

In the case of the mass spectrometer, gas molecules are bombarded with a
beam of energetic electrons. The molecules are ionized and broken into frag-
ments, some of which are positive ions. Each ion has a particular ratio of
mass to charge. Ions are analyzed in such a way that a signal is obtained
for oach mass-~to-charge ratio; the signal obtained reflects the relative
abundance of each ion.

During sputtering, a mass spectrum was gathered to reveal what gaseous
ions are present vand how they might be related to the process steps. Only
elements which are gases can be analyzed by this method.

2.8 Effective Thermal Conductivity 4
Given the excellent thermal conductivity of BeO (o.“ = 2.5 watts/cm

-Oc), any metallized layers that are applied which have less effective ther-
mal conductivity pose a heat transfer barrier. A comparison of statistical

13




thermal conductivity for moly-manganese and sputter metallizing is shown in
figure 6. It is evident that the sputter metallizing poses less of a thermal
barrier than moly-manganese metallizing.

As a production quality assurance check, assembled meander line configu-
rations are given a thermal test to ascertain if the thermal barrier resist-
ance is sufficiently low to provide adequate heat dissipation. The test in-
volves ac heating of the delay line and taking thermocouple readings at three
positions along each line insulator. The resultant temperature readings are
referenced to the copper base, giving a thermal gradient. This gradient is

100-
75-
Mo- Mn METALLIZING
50+
. .4
Eé 254
1 4
5 c 1 ' e L 2 - |
o 08 10 1% 20 23
o
W 100- :
; ]
.
2 ]
3 T°1 spuTTER METALLIZING o
2 50 {f
W ; | ;§
|
25+ i
oi 1 i i L :
05 10 15 20 25
EFFECTIVE CONDUCTIVITY, o WATTS
°C-cm

156 -021296

Figure 6. Statistical Thermal Conductivity Comparison.
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used to calculate the effective thermal conductivity of the assembly. The
significance of this test is in its correlation with tube life related to line
failures. In principle, the effective thermal conductivity relates directly
to the temperature of the delay line during tube operation. Low thermal, con-
ductivity can result in the inability of individual line insulators to conduct
away beam-generated heat, causing line melting. The delay line will eventual-
ly open up, resulting in a catastrophic failure. This test was not performed
for any of the samples in this study as related to metallizing parameters
because of its high cost. However, sufficient correlation exists between
variables such as tensile strength, thermal cycling and line performance in
terms of conductivity that these criteria are relatable. That is, sputtered
ceramics that display a low tensile strength exhibit poor thermal conductivity,
and after extenced usage run the risk of separation, which yields high thermal
resistance.

Therefore, a necessary but not sufficient criterion for thermally related
life is bond strength. Bond strength deterioration with thermal cycling is a
key indication of thermally induced failures as revealed by thermal testing
and tube failures observed in the production of cfa devices.

2.9 RF losses

In a metal-ceramic bond, the rf current circulates in an outer thin film
due to the skin effect. The skin depth is proportional to the square root of
resistivity and wavelength; rf losses increase with surface roughness measured
relative to the skin depth. For moly-manganese metallizing, the surface of
the molybdenum is rough due to the glassy phase between the molybdenum and the
ceramic. 'Also, the resistivity of molybdenum is about three times higher than
that of éﬁppet. A line brazed by tho'moly-manganese process will have losses
several times higher than those of an ideal copper line with a roughness that
is small compared to the skin depth of copper, because of the combined effect
of molybdenum itself and the glassy phase that surrounds it. It follows that
a loss in efficiency for twt and cfa devices will result from the moly-manga-
nese process. Production delay lines have been constructed using both sputter
metallizing and moly-manganese metallizing, and the microwave losses measured
by the insertion technique. Figure 7 is a comparison of rf attenuation versus
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frequency for both metallizing processes. The measured attenuation compares

very well with the mathematical model used to calculate the theoretical at-
tenuation.

The resultant power output 6butvod is 50% greater for sputter metalliz-
ing (3 kW) compared to the moly-manganese metallized ceramics (2 kW). Atten-
uation data has been taken for every delay line structure fabricated and the

verification of lower rf power lnsses or attenuation holds for every sputter
metallized product.

! ATTENUATION
. (d8)

CALCULATED (STRIP-LINE THEORY)

e T —
e e e T —

MEASURED: SPUTTER _ﬁ:
METALLIZING

Hr
104 WMEASURED: Mo -Mn METALLIZING
2+ 4
‘. 5 6 7 8
. FREQUENCY (GHz)
186-021297

Figure 7. Attenuation of Meander Slow-Wave
Structure Versus Freguency.
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3. MATERIAL
3.1 Beryllia Substrate
3.1.1 Purity. A bulk chemical analysis of the beryllia substrate material
was performed. The results are shown in table 1. The nature of the analysis
gives an order of magnitude range and not an exact measure of each constituent
present. Based on the analysis, the BeO has a nominal purity of 99.5 weight
percent. The additional elements detected are those stated by the manufac-

‘ f ‘ turer to be the intentional additives employed in the binder.

’ f 3.1.2 Density. Specific gravity of coupon number Q512 was determined to be
' 2.86 g/cn3. Nominal specific gravity for commercial BeO products according to
the supplier (Accumet Engineering Company) is 2.88 g/cm3.. Maximum theoretical

s e

density of BeO is 3.025 g/cm3. The product used for investigation is 95% of
theoretical density.

AP —

3.1.3 §$§g, Substrates used for all work were 2~inch-square coupons. Thick-
ness variation for the coupons was between 0.0214 inch and 0.0217 inch with a
maximum tolerance of +0.0001 inch for any individual coupon. The camber of
each coupon was determined using a go/no-go bridge with a resulting variation
of less than 0.0002 inch per inch over the whole 2-inch surface in both direc-
tions.

SRR VR

3.1.4 Suxtabc Roughness. The surfaces of the blank coupons were lapped by
the supplier and inspected using a profilometer. Measurements were between S
microinches and 10 microinches, with a variation of no more than +2 micro-
inches for any individual coupon.

3.2 The Hygroscopic MNMature of BeO

Two virgin coupons were weighed and air fired, one at 500°C and the other
at 1,000°C. Immediately after firing, the respective coupons were reweighed,
with a weight loss of 0.036% noted for the coupon fired at 500°C and a 0.11%
loss noted for the coupon fired at 1,000°C. After 10 days the coupons were
weighed once more, and both had regained all the lost weight. The coupons
were stored in the open air, covered with glass dishes.

RGP SRR =SS S S
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Table 1. Qualitative Chemical Analysis of Beryllia Chip.

Amount
Element Order of itude Range
Beryllium Major
Silicon ' 0.05 - 0.5
Magnesium 0.01 - 0.1
Copper 0.0005 - 0.005
| Iron . 0.0005 ~ 0.005
!
B § Aluminum 2 0.0003 - 0.003
Nickel i 0.0003 ~ 0.003
Silver ' 0.00001 - 0.0001
, .
| Calcium HHI 0.00001 - 0.0001
| ; :
1 Tin Trace 0.001
Molybdenum Trace 0.001
‘ Lead . ‘ Trace 0.001
i s ; :
'w‘. : ' » B ! Muembh-u present, 0.05 ¢
i: | d
. i
'
gl i
¥
§




The formulation of BeO.XH,0 appears to be a critical variable. After
sufficient time, moisture will reestablish itself on the BeO substrate. Re-
ferring to results obtained during the course of production work, it was
observed that a positive correlation existed between the continuity of the
metallic layers at the BeO interface and bond strength achieved. The inter-
pretation made was that discontinuous films resulted from entrapped water
which was vaporized upon initial sputtering and prevented the first metal
deposition from bonding to the substrate. Judging from the results of time
lags between air firing and sputtering and the lower bond strengths achieved,
and the weight gain of air-fired samples due to the hygroscopic nature of BeO,
the generalization regarding water seems to be valid. This makes air firing
of coupons immediately prior to sputtering an extremely critical variable.

3.3 Surface Contaminants of Virgin Beryllia Substrates

Ion microprobe analysis was used to ascertain what possible surface con-
tamination might be present on the beryllia substrate prior to sputtering and
what effect various treatments may have on them. It is important to bear in
mind that the penetration of the ionized beam during analysis is only 50 A.
Coupon Q512 was quartered and the sections were treated as foilows: as re-
ceived (baseline), 500°C air firing, 1,000°C air firing, and sputter etching.
The data gathered during ion microprobe scans of each differently treated
section are shown in figures 8 through 11. 1In the as-received condition, high
concentration of sodium, magnesium, aluminum, silicon, potassium and calcium
ait detectable at the surface. All of these elements except potassium are
present in the bulk ceramic (table 1). The levels of sodium and potassium are
relatively high and their source is not known with absolute certainty. One
conjcctu:d is that they may result as residual salts from handling. Also
present are various organic moleculars and a hydrated form of beryllium.

After firing at 500°C in air most of the organic moleculars are absent
with a marked reduction in most of the binder additives. The exception is
that a high level of sodium persists which was not present in the bulk ceramic
in any appreciable quantity. After air firing at 1,000°C most of the binder
additives increase in concentration at the surface compared to the concentra-
tion found in samples fired at 500°C, Aluminum remains low, but sodium, sili-
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con, and magnesium increase to a level higher than that of the as-~received

state, while potassium and calcium increase only slightly. The increase of
P all the elements noted is believed to be a result of their migration to the
surface at the higher temperature.

Sputter etching in a vacuum without thermal treatments removes the or-
ganic moleculars, compared to the as-received data. It also depletes most of
the metallic binder additives at the surface, with the exception of aluminum,
which increases. The appearance of copper can be explained by the interaction
of the BeO and the copper plate it is supported on. During sputter etching,
both the BeO chip and the copper support plate are acted on with material re-
moved from both of them. As a result, some of the removed copper from the
plate contaminates the BeO substrate.

The overall phenomenon occurring at the ceramic gurface in terms of sur-
face chemistry is not understood and the ion microprobe results are not defin-
itive. Sodium concentrations are particularly curious since their bulk level
is very low compared to other binder additives which appear in lower quanti-
ties at the surface. Improper handling prior to analysis could have intro-

h : duced salts which would appear at the surface. A more detailed review of
cleaning treatments shall be conducted as a part of the next phase of this
study.

3.4 surface Roughness of the BeC Substrate with Various Preparation Treat-
ments

The effects of pre-sputtering treatments upon the beryllia substrates
surface roughness were studied with the aid of a scanning electron microscope
(SEM) . Surface topology for each of the following sample preparations was
determined: as received, sputter etched, and 500°C and 1,000°C air firing.
Figure 12 depicts the SEM photos for the studied treatments at 240X. For this
analysis, one coupon was quartered (Q512) and each quarter used for only one
of the above tests. The surface roughness of the coupon as a whole initially
was 6 to 8 microinches rms, as measured using a profilometer.

SEM photographs reveal that the as-received, 500°C and 1,000°C air-fired
portions of the coupon appear identical. This means that air firing removes
only moisture and volatile lapping residuals without altering the surface
finish of the substrates. Sputter etching, however, improves the surface
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B. SPUTTER ETCHED

C. 500 °C AIR FIRED

D. 1000 °C AIR FIRED

196-021302

SEM Photographs of BeO Substrate With
Different Surface Preparation Treatments.

Figure 12.
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finish slightly. The high peaks present in the other three samples are re-
duced in the case of sputter etching. Figure 13 shows surface profile scans
using a Dateck profilometer. The as-received chip (figure 13A) has a greater
variation in surface roughness as compared to the sputter etched chip (figure
13B) , where the total variaticn is markedly lower.

It can be concluded from the above that air firing does not alter the
surface finish of the beryllia substrate and that sputter etching could be em-
ployed to reduce surface roughness of the beryilia substrate.

4. SPUTTERING PROCESS
4.1 Background

The relatively low power handling capability and high transmission losses
associated with moly-manganese metallizing in the cfa led to a Wainecke-spon—
sored investigation for a new process with low thermal barrier resistance and
low rf losses, eg,

A. an interface between ceramic and metal line as smooth as possible

B. a diffusion brazed copper interface that would avoid eutectic alloys

which have high thermal resistivity

If thin films are necessary for the bond, the thickness must be small com-
pared to the skin depth of the material.

In the first test, copper was evaporated in wet hydrogen, forming a cop-
per oxide coupéund to a thickness of 25 pm. The oxide compounds were reduced
to copper at the surface and a diffusion braze was tried. Copper diffused
along the outer surface and through the BeO, resulting in higher rf loss and
a degradation of the overall dielectric characteristics of the ceramic. 1In
the next step, to prevent th"diffusion of copper into the ceramic, a film of
molybdenum, on the order of 5,000 R, and a film of 50,000 R of copper were
evaporated on the substrate. The 5,000 R molybdenum £ilm was thinner than
the skin depth at 3 GHz.

Between molybdenum and copper, negligible diffusion occurs, so that the
copper will not diffuse into the BeO substrate. However, when a diffusion
braze between the copper surface and copper was made, no adherence between
molybdenum and BeO occurred; the evaporated films easily lifted off the under-
lying ceramic.
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Figure 13.

Surface Profile of Beryllia Chip (Q512).
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In the third step, instead of evaporation, the molybdenum and the copper
were sputtered on a substrate with a flatness of less than 0.1 pm. The ad-
herence was greatly improved and a yield strength on the order of 2,500 psi
was measured. Failure occurred at the ceramic interface.

In order to improve the bonding, a thin film of titanium of 1,000 §
thickness was deposited between the molybdenum and the BeO. Adherence was im-
proved with a yield strength of 4,000 psi. The sputtered film process did
result in a substantial improvement in heat transfer and lower rf iosses.

4.2 Apparatus

The basic mechanism of sputtering involves the transport of material from
a target to the substrate material. Ejection of the source material is accom-
plished by the bombardment of the surface of the target with gas ions accel-
erated by high voltage. Particles of atomic dimension from the target are
ejected as a result of momentum transfer between incident ions and the target.
The target-ejected particles traverse the vacuum chamber and are subsequently
deposited on a substrate as a thin film.

The apparatus used for this work is a multiple target machine (figure 14),
with the 8-inch targets rotating on the face of a cube. The three targets and
their purity used were: copper - 99.998%, molybdenum - 99.95%, and titanium -
99.948. Ultra-high-purity dry argon (99.999%) was used as the ionized gas
source. The vacuum chamber is spherical, with the substrate holder in a hori-
zontal plane. Because of the rotating target configuration, only the source
material being deposited is in the plasma during deposition; the other targets
are shielded, thus reducing cross contamination to an absolute minimum. Key
features of the unit are: rf sputtering up to 1.2 kV at 13.56 MHz, bias sput-
tering, sputter etching, and an intervac which reduces atmospheric-introduced
contamination with the ability to preheat the substrates under vacuum.

S. BXPERIMENTAL RESULTS
S.1 Hygroscopic Effects of BeO

It is reasoned that the presence of moisture on the BeO surface will in-
hibit film formation by its vaporization when the first sputtered atoms reach
the substrate. A series of BeO coupons were air fired at 1,000°C and sput-
tered after various delays at ambient conditions. The series consisted of 0-,




SUBSTRATE POSITION DURING DEPOSITION

LOADING

INTERVAC

156-021304

Figure 14. RF Sputtering Apparatus (MRC Sputtersphere, Model 822).

29

o o

R R

©r——




" —

l1-, 3-, 7- and 1l4-day delays before sputtering. All coupons were sputtered in
the same fixture location. 1In addition to the air-fired delayed series, one
coupon was sputtered without any air firing. The sputtering sequence con-
sisted of laying down 1,500 S of Ti, 5,000 ?\ of Mo, and 7 ym of Cu respec-
tively on one side and then the other.

Mass spectrometer data during sputtering for all the fired coupons are
similar to those depicted in figure 15, which are for the l4-day delay (Q516).
Indications of the presence of water (17 & 18), nitrogen (28), argon (40) and
krypton (84) were observed. The krypton is present due to residual amounts
remaining in the system after it was used as a calibration element for the
mass spectrometer. In the case of the coupon (Q519) which had no air firing
prior to sputtering, numerous additional peaks were observed du.rimj the ini-
tial titanium sputtering (figure 16); after this stage, no additional elements
other than the typical water, nitrogen and argon were observed, as indicated
by the similarity to the fired coupons' spectra during molybdenum and copper
sputtering. The atomic mass units (and their signal strengths) of the con-
taminants observed during titanium deposition (figure 162) were:

A. 12 (very weak): CO second peak

B. 17 + 18 (very strong): H0

C. 20 (weak): Ne or Ar second peak

D. 28 (very strong): N; or CO

E. 32 (very weak): Oz or CH30H

F. 36 (very weak): Ar third peak

G. 40 (very strong): Ar

H. 44 (strong): COz

I. 56 (weak): (CH3)3CH

J. 68 (strong): (CH)30

K. 84 (very weak): Kr

L. 87 (weak): ?

With no air firing prior to sputtering, surface contaminants consist
mainly of organic compounds which are most probably imparted to the substrate
during lapping and are embedded to a degree that simple ultrasonic solvent
cleaning does not completely remove them. The contaminants appear instan-
taneously as the titanium is deposited and disappear quickly as the titanium
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Figure 15. Mass Spectrometer Data During the Sputtering of Q51¢€
(14-Day Delay After Air Firing).
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Figure 16. Mass Spectrometer Data During the Sputtering of Q519
(No Air Firing).
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layer is built up. It is not certain whether the contaminants are sputtered
off or whether they react with the titanium and are permanently trapped at the
BeO surface. What is conclusive is that air firing at 1,000°C does deplete
the surface of all contaminants that can be vaporized during sputter metal-
lizing.
The effect of moisture on the bonding of sputtered films on BeO was
tested. The average tensile stress results of these tests along with the
standard deviation are shown in table 2 for different delays. Figure 17 is a
Plot of the average failure stress versus time delay; a trend exists that with
longer delay time between air firing and sputtering, the tensile strength of
the metallized ceramic bond is lower. An exception to the general trend is
‘that with a 3-day delay, the tensile strength is markedly lower than the over-
all trend. This is an anomaly and an indication of the broad variation intro-
duced by delaying sputtering after air firing and allowing moisture to re-
establish on the hygroscopic substrate. Also noteworthy is that the standard
deviation as a percentage of the average yield stress increases markedly with
{ delay time. Not only does moisture reduce the bond strength attainable, but
: the variance in bond strength increases with moisture pickup.
i The effect of the moisture on film morphology is also pronounced. Fig-
ure 18 shows the individual sputtered layers for one side of Q509 (no delay
after air firing), as revealed by the electron microprobe technique. The in-
dividual layers are continuous and discrete. Figure 19 Aepicts the layers
for Q518 (3-day delay after air firing). The titanium layer next to the BeO
is not continuous. This represents the gereral phenomenon that the presence
of moisture does interfere with the deposition and nucleation of uniform
titanium. Figure 20 depicts the film layers for Q519, which did not experi-
| | ence air firing at all. Acain the titanium has an island morphology and is
j 1 not continuous. The ramifications of titanium are that without this active
' metal, bond strength is always lower than with it. When it is not continu-

SRR IS WA 4R

iran

! ous, its effect is reduced.
' In conclusion, air firing, with its removal of hygroscopic water, ap-
. ’ pears to be a very important variable, with delay in sputtering resulting

| in a poor bond between the metallic-ceramic junction by virtue of a noncon-
tinuous titanium layer. !
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i Table 2. Tensile Test Data for Coupons With Delay
After Air Firing Prior to Sputtering.

Tensile Failure (psi)

Average of Standard Percentage
Delay 3 Tests Deviation o X100
Coupon (Days) X o X
Q509 Zero 11,699 579 5
Q513 1 9,757 1,058 10
Q518 3 4,015 809 20
Q515 7 7,027 1,551 22
Q516 14 5,152 1,279 25

Q519 No Firing 6,705 2,078 31
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A. COPPER LAYER X3000

B. MOLYBDENUM LAYER X 3000

C. TITANIUM LAYER X3000

L]
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[ ]
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. D. SUPERIMPOSITION OF ALL
. THREE LAYERS.
{ 2

pe ——— TITANIUM

» -- — — MOLYBDENUM
& ees...COPPER

[]

Figure 18.

156-021308
Film Morphology for Q509, Air Fired, No Delay,
Side 1, As Sputtered.
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Figure 19. Film Horp!wlj‘;

y for Q518, Air Fired, l4-Day Delay,

A. COPPER LAYER X3000

B. MOLYBDENUM LAYER X3000

C. TITANIUM LAYER X3000

D. SUPERIMPOSITION OF ALL
THREE LAYERS
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—— — MOLYBDENUM
®eee COPPER
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Sidé 1, As Sputtered.
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A. COPPER LAYER X 3000

8. MOLYBDENUM LAYER X 3000

C. TITANIUM LAYER X3000
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Figure 20. Film Morphology for Q519, Not Air Fired,
Side 1, As Sputtered.
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5.2 Copper Sputtered on Beryllia

Previously, copper had been evaporated in wet hydrogen, forming a copper
oxide that was subsequently reduced in dry hydrogen. After brazing to copper
rods it was observed that the copper had diffused into the BeO and along the
outer surfaces, thus degrading the dielectric properties. In an attempt to
duplicate these findings using sputtering, a coupon was air fired and placed
in the sputtering chamber with no delay. Each side of the coupon was sput-
tered with 9 ym of copper. Next, three %inch-square pieces were brazed and
pull tested. The strength of the copper-to-BeO bond was only 1,360 psi.
Failure occurred at the BeO surface. Penetration of the copper into the BeO
was negligible. The sputtered copper film could be peeled from the ceramic
only in the area of the knife contact (C rating).

The results of sputter deposition were not the same as for copper oxide
reduction in terms of copper penetration into the BeO. Reduction of Cu0/Cu30
on BeO would not necessarily result in oxygen-free copper; what may result is
eutectic formation of Cuj;0 and melting at 1,065°C. This phenomenon is the
same mechanism used by General Electric'se proprietary process of bonding cop-
per directly to ceramic. By sputtering oxygen-free copper onto BeO and braz-
ing in hydrogen, no eutectic can be formed at the BeO surface below the ex-
posed copper. The ramification is that sputtered oxygen-free copper does not
readily penetrate BeO at high temperatures, nor is there any bonding enhance-
ment in addition to the sputtering momentum of individual atoms. Pure copper
alone cannot be sufficiently bonded by sputtering and brazing to BeO to be

employed at this time in high power microwave tubes.

5.3 Molybdenum Plus Copper Sputtered on BeO

5.3.1 Metallic Layer Thickness Resolution. The solubility of copper in
molybdenum is virtually nil, even above the melting point of copper (1,083°C).
For this reason, molybdenum was selected as a diffusion barrier. The optimum
molybdenum thickness is a tradeoff between that necessary to prevent any cop-
per migration and as little as possible to reduce the attenuation effects of
molybdenum on rf microwaves due to the skin oftoc:t.

. Burgess, J.F., and Neugebauer, C.A., "Hybrid Packages by the Direct Bonded
Copper Process," Solid State Technology, May 1975, p 42-44.
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Three samples were sputtered with varying molybdenum thickness to be
compared to the calculated optimum of 5,000 . The samples had: no molyb-
denum, one-half the thickness (2,500 R), and twice the thickness (10,000 ).
Electron microprobe analysis was used to ascertain copper penetration through
the molybdenum layer. The samples were examined in the as-sputtered state and
also after a 1,000°C soak for 24 hours. The sample with no molybdenum (Q530)
had some copper penetration into the BeO after the elevated temperature soak
(figure 21). With only 2,500 R of molybdenum, the amount of copper penetra-
tion into the BeO was reduced, but it did move through the molybdenum layer in
appreciable amounts (figure 22). With 5,000 R of molybdenum, no detectable
penetration of copper was observed. The same held for 10,000 R of molybdenum.

The high temperature excursion of 1,000°C is required to produce a cop~-
per-copper diffusion braze in reasonable times for fabrication of microwave
tubes. A layer thickness of 5,000 2 of molybdenum is necessary and sufficient
to inhibit copper diffusion at this required temperature. Using an increased
amount of molybdenum should be avoided, since it will also increase the at-
tenuation experienced during microwave propagation.

5.3.2 Sputtered Bond Failure Characteristics. Deposition of 5,000 & of
molybdenum and 7 um of copper (Q520) produced a bond strength of only 2,000

psi. Failure occurred at the ceramic-metallic interface, with no evidence of
ceramic fracture. Bond strength degradation with thezmal cycling was cata-
strophic. Table 3 is a summary of the tensile strengths for Q520 with thermal
cycling at 500°C after diffusion brazing of copper rods. Figure 23 depicts
the overall tendency for bond deterioration with cycling. The mode of failure
remains constant - ceramic-metallic interface separation.

The tendency for weakening bond adhesion with thermal cycling can be at-
tributed to the thermally induced stresses of the expansion and contraction of
the metals :olaﬂ.vc to the BeO. Bonding between the metallic layers remains
intact, but the tendency for complete separation after only 25 cycles prevents
the use of this process for microwave tube utilization. Given the mode of
failure, the metallic layers will become free along with any structure brazed
to them. Heat transfer will become very poor as the conductive path is
interrupted. The end result will be a lifting of the delay line itself into
the electron beam, with ultimate melting ang a catastrophic tube failure.




CulBeO

A. AS SPUTTERED B. I000°C FOR 24 HOURS
156-021311

Figure 21. Copper Distrihutiori for Q530, No Molybdenum (X3000).

CulBeO : . (iulBoO

A. AS SPUTTERED B. 1000 °C FOR 24 HOURS
156 -021312

Figure 22. Copper Distribution for 9527, 2500 & of Molybdenum
Between Cu and BeO (X3000).
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Table 3. Tensile Strength Data for Coupon
Q520 - Mo Plus Cu Layers.
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Figure 23. Tensile Failure Stress Versus Thermal Cycles for
Coupon Q520 with Molybdenum and Copper Only.

5.4 Titanium-Molybdenum-Copper Sputtered on BeO

. 5.4.1 Introduction of an Active Metal Layer. The introduction of an active

metal such as titanium is intended to enhance metallization by providing an
interfacial zone which forms a continuous layer that nucleates and forms in
such a manner that the oxygen supplied by the oxide ceramic is chemically re-
active with the active utal’. In essence, the phenomenon is one where the
active metal lhlx‘.'l the oxygen of the ceramic and penetrates to a depth below
the surface governed by atomic radii. The result is a gradual transition from
aéuvo metal oxide to pure metal which provides a favorable surface for sub-
sequent metallic layer bonding.

A sample (Q546) of BeO was sputtered with 1,500 1} of titanium, 5,000 &
of molybdenum, and 7 ym of copper on both sides. Tensile strength of the bond
witout cycling was 9,420 psi. The mode of failure was ceramic fracture in the
area of contact below the copper rod. This is an indication of excellent

9 Mattox, D.M., "Thin Film llota.lliut;cn of Oxides in Microelectronics,"

Thin Solid Filss, 18 (1973) p 173-186.
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'tho Ti-Mo-Cu system, a sample (Q523) was sputtered with a less than maximum
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bonding where the tensile strength of the BeO is the limiting factor in pull
test stress measured. Peel strength testing revealed a very tenacious bond (A
rating both sides). ;

Given the remarkable improvement in bonding of the sputtered layers with
the addition of a very thin coating of titanium, an active metal layer is
judged to be necessary to achieve optimum metallic deposition adhesion.

5.4.2 Titanium Layer Thickness. The incorporation of 1,500  § of titanium
increases the bonding of the Mo-Cu metallic layer system. However, could this
effect be accentuated further with more titanium? A layer of 3,000 R of
titanium was sputtered in the same manner as the 1,500 layer, with molyb-~

denum and copper subsequently deposited. The results of pull testing were
8,580 psi (Q525). Failure occurred by BeO fracture, with a peel test rating
of A. No improvement or degradation of bonding strength without thermal
cycling was attained. Therefore, additional titanium does not improve bonding
beyond the role it plays in forming an oxide-to-metallic transition region for

subsequent layer deposition.

5.4.3 Effects of Poor Initial Vacuum. During sputtering, argon is introduced
into the chamber through a controlled leak. The nominal pressure during sput-
tering is 5 X 10~3 torr to 10 X 10~3 torr. Prior to the introduction of
argon, the vacuum in the chamber should be as good as possible. The rationale
is that the better the vacuum, the lower the concentration of possible con-
taminants which may react during sputtering by virtue of the heat generated
and be introduced into the films during deposition. The concentration of con-
taminants is also-a function of time at lower than ambient pressure; hence,
the use of an intervac for sample insertion reduces the overall contamination
level because the chamber is always under high vacuum.

To ascertain the effect of ultimate vacuum on sputtered film bonding in

ultimate vacuum by introducing argon during pump down. The ultimate vacuum
was 5 x 1074 torr compared with conventional vacuums of less than 5 x 10-6
torr. Resultant pull-test strengths were only 4,830 psi, or roughly half that
of those obtained when the ultimate vacuum exceeded 10~5 torr. The result is
double that experienced without titanium but it does highlight the importance
of condensible contaminants and their sinister influence on film adhesion.
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5.4.4 Residual Stresses. Theoretically, the metallic layers are applied hot

by sputtering, and upon cooling to room temperature a tersile stress can re-
sult in the metallic layers because of the differing thermal expansion coeffi-
cients of the metals relative to the BeO ceramic substrate. That is, the
ceramic acts as rigid constraint on the contraction of the metals upon cool-
ing. The higher the temperature experienced during sputter deposition, the
greater the contraction, if the metal is free to do so. When the metal is
constrained at one side, a residual compressive stress will be imparted to the
substrate. The camber or amount of bending of the overall structure is a
direct indication of the elastic deformation which results from the residual
stress acting on the composite, assuming that the metal film is uniform over
the whole coupon.

Experimentation to review the amount of thermal residual stresses imposed
on a coupon during sputtering consisted of sputtering only one side of a
coupon and measuring the camber. Coupons Q514, Q517, and Q524 were selected
because of their insignificant initial camber, which was less than 0.0001 inch
overall prior to sputtering. All samples were air fired at 1,000°C for 30
minutes. Sample Q514 was measured after the air firing and showed no net
change in flatness, signifying that uniform air firing does not alter coupon
flatness and that no residual stresses exist in the coupons prior to sputter-
ing. - Coupon Q517 ‘\_@ns\putie_rod with no water oooklinq in the anode plate below
the coupon, while water eoolin;; the target was maintained. Maximum temper- — —
ature of the cooling platform was 75°C during the copper deposition. Coupon
Q524 was sputtered in the same manner as Q517, oxéept the additional water
flow through the substrate holder kept the temperature below 24°C during the
whole sputtering sequence. Table 4 summarizes the results of the camber
measurements. The change in flatness is a result of tensile stress in the
metallic films, causing them to rise (convex when viewed from the metal sur-
face). Coupon Q517, which was sputtered hotter, does display a greater camber
as evidence of a higher residual stress compared to Q524.

In an attempt to relieve the residual stresses, the coupons were fired
at 500°C in wet hydrogen and after one-half hour showed no significant change.
After an additional 24 hours no additional change was observed. The signifi-
cance of this result is that 500°C is insufficient to relieve thermally in-
duced residual stress even after 24 hours. Next the samples were fired at
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Table 4. Camber Measurements of Coupons Sputtered on Only One Side.

CAMBER OVER ENTIRE COUPON (INCHES)*

Q517 Q524
9514 (No Water Cooling) (Water Cooling)
Before Air Firing 0.0001 0.0001 0.0001
After Air Firing 0.0001 m————— eeceee-
@ 1000°C/30 Min
After Sputtering —————— 0.00045 0.00020
After 500°C Firing —————— 0.0005 0.0002
| After 500°C Firing —————— 0.0005 0.0002
. 24 Hours in H; Wet
{
i After 1000°C Firing ————— 0.0003 0.0003

24 Hours in Hy Wet

» Sputtered Side
| Flat Surface BeO Coupon




1,000°C, the diffusion braze temperature, for 24 hours to see if any changes
occurred. Some degree of relaxation did occur but the samples did not return
to their original flatness. The conclusion is that the degree of camber in-
troduced which cannot be relieved at 1,000°C is permanent.

At present, the conclusion is that the degree of residual stress is a
function of the temperature of metallic film deposition. Low residual
stresses are desirable because of the internal strain experienced within the
layers at ambient conditions and because upon heating, these stresses are
additive to thermally induced stresses. The metallic layers are in tension by
virtue of the residual stress. The ceramic substrate is in compression. Upon
heating, the stress in the films increases relative to the ceramic and could
result in separation. These effects are believed to prevent maximum bond
strength formation and tend to exhibit themselves in reduced resistance to
thermal fatigue.

5.4.5 Sputter Etching of BeO Substrate. Sputter etching of the BeO substrate

was shown to reduce surface roughness to some degree. Therefore, it appears
that this technique could be beneficial in terms of rf losses. The cleaning
action of sputter etching may also be a means of improving sputtered film
bonding. A coupon was processed in the same fashion as Q546, in the standard
sequence, with sputter etching performed prior to the deposition of titanium.
The pull-test results for this effort (Q534) were 8,700 psi. Film morphology
is similar to coupons without sputter etching - each layer is discrete and
continuous. No real improvement in bond strength was realized. Perhaps the
initial roughness provides some degree of mechanical locking mechanism. Per-
haps air firing removes all contaminants that impair film bonding and sputter
etch does nothing additional. 1In any case sputter etching did not offer any
bond strength improvements.

5.4.6 Bias Sputtering of Titanium. Bias sputtering has been used in the
semiconductor industry as a means of depositing a denser film, often with

preferential crystal orientationl®. The technique consists of placing a small

w Maissel, L.F. and Glang, R., Handbook of Thin Film Technology, McGraw-

Hill' 1970' p 4-220
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negative potential on the substrates, causing some degree of back sputtering
during deposition. It generally affects the composition and structure of
deposited coatings. Through the back-sputtering mechanism, undesirable gas
entrapment tends to be reduced.

Realization of a continuous titanium coating is a known objective for
achieving tenacious bonds to BeO. Bias sputtering with its inherent denser
coating was though to be a plausible route to improving the bondihg of the
metallic system under study. A coupon (Q535) was sputtered using a 10% bias
during the deposition of titanium only. Continuous film morphology was
achieved. However, the tensile strength of the overall metallic composite was
very poor. A pull-test average cf three separate tests was 1,480 psi.

An explanation for the failure of bias sputtering to produce tenacious
bonds lies in a momentum consideration of the atoms sputtered into the ceramic
substrate. Given negative biasing as a retarding force, it reduces the im-
pact velocity of atoms originating at the target directed at the substrate.
The net effect is an overall reduction of the energy with which the sputtered
atoms arrive at the ceramic surface. This reasoning is based on the premise
that the higher the net velocity of atoms arriving at the ceramic surface, the
deeper they are driven into the surface layer of the substrate. It is be-
lieved that this premise is valid because unwanted atoms present due to poor
vacuum also interfere with the sputtered atoms, and as a result, less than
optimum bonding occurs.

Gas entrapment in the sputtered films is not a problem, since the elec-
tron and ion microprobe analyses have shown that no detectable amounts of any
gas contaminants are present within the films. Bias lputtoring, however, can-
not be totally dismissed; the only valid conclusion is that a 10% bias is
excessive for the metallic-ceramic system under study.

5.4.7 Diffusion of Titanium. Previously, the degradation of the metallic
bonds on sputtered BeO has been viewed as a fatigue phenomenon resulting from
thermal stresses caused by the differences in thermal expansions between the
layers. Evidence now points to the interaction of copper and titanium as the
cause of bond deterioration. The purpose of molybdenum in the multilayered
structure is to serve as a diffusion barrier for copper, and in principle,
due to their essentially total insolubility, does achieve this function. But




molybdenum does not provide a sufficient diffusion barrier for titanium.
Table 5 is a summary of volumetric diffusion data for the three principal
metals used in the sputtered system. Whenever coefficients are given, they
were used to calculate the volume diffusion coefficients as a function of
temperature at 500°C and 1,000°C according to

D = D° exp (=Q/RT)

where D and Do are diffusion coefficient and frequency factor, respectively,
usually given in cm?/s; Q is the activation energy for diffusion, and R and T
are the gas constant and absolute temperature in Kelvin respectively. When-
ever coefficients Do and Q are not given in the table, the value of D is taken

directly from the literature.

Diffusion of titanium at 1,000°C through molybdenum is appreciable, and
once through, the mobility in copper is very high even at 500°C. This dif-
fusion of titanium through molybdenum and into the copper was confirmed using
the ion microprobe technique on a pull-test assembly of sample Q513. The as-
sembly experienced the copper diffusion brazing temperature of 1,015°C and 15
cycles between 25°C and 500°C. Failure occurred at 3,400 psi. This partic-
ular sample was selected because of the marked reduction in tensile strength
from the samples which were not thermally cycled (average pull-test strength
of 9,800 psi) and because visual examination revealed what appeared to be
failure between the copper rods and the sputtered copper on most of the rec-
tangular contact points. Figure 24 is a schematic representation of the
npa.nud'pun-tnct assembly after tensile failure and designates the alpha-
betical coding used for each contact point.

49




‘66 d ‘L96T ‘I93UI) UOTIPWIOIUI UOTSNIITA ‘T AUWMTOA ‘e3eg UOTSNIITA

-gT€ d ‘0L6T I93USD UOTIPWIOIUI UOTSNIITA ‘p SWNTOA ‘€3eq UOTSNIFTA

*TzT d ‘96T ‘I93USD UOTIVWIOIUI UOTSNIITA ‘Z SWNTOA ‘®Ieq UOTSNIITA

|

[

’ :

|

‘gp-s¥ 4 ‘(1) ‘v ‘6961 Axenuep
‘UNIOTTEIoW WTO0X309Td ,‘UNTuUelTL e39g Ut xoddod jo uoTSNy3zId, ‘'W°d ‘TYooOoI3IS pue ‘°0O ‘TuoTed

snTep pojxoday 44

(44

194

o
n
X ' o3ul X pesy !sot1o9ds pauxojsuex] uoauomw 3SOH ‘X * X &
€T $1-0T X v2°T 0z-0T X 16°2 009T-028 $°0S g-0T X €°9 OW : TL
b1 01-0T X €°S £€7-0T X 90°T 001T-006 Z €€ p-0T X 8°2
€T 0T-0T X 6°T GT-0T X €T1°T 0091-0Z8 o°LY z-0T X S°Z TI : OW
2T esl[-0T X €6 ~==me——ccee=- 006 —— ———————— OW : ND
1t <Ot X L9 T aaupalese dwel ybTH z°09 £°1T
I | eeesseias 1T-0T X 80°T dwe, moT z°62 ¢-0T X a.m TL : nD
338 (MofLZT) J0000T 3®  (JoELL) Do00S 3I° (90) (woje-6/Tedy) § (s/zmo) Ya ewe3sds
(s/zw0) a A37TTqeoTddy Jo sbuey  JUSTOTIIECD  JUSTOTIIN0D
UOTSNIITA SUMTOA aanjexedwey pe3zzoday UOTIRATIOV uorsSniyyTa |

*swa3sis Axeurg pe3oeTas I03 ejeq uorsniITda

°S 9Tqer




- -

49 50

B. VIEW OF COPPER ROD
MATING SURFACE

A.VIEW OF CERAMIC CHIP
MATING SURFACE

156-021314

Figure 24. Schematic Representation of Pull Test

Assembly After Separation.

Figures 25 and 26 are ion microprobe data for Q513 at position C both on
the chip and the rod. On both the chip and the rod, titanium and copper are
in evidence, but no molybdenum was detected. The presence of sodium, mag-
nesium, and potassium is believed to result from salts through sample prepa-
ration and handling. In addition to the scan at position C, each rod location
(except J, which was removed in order to perform the analysis) was focused
onto, and constant time counts for titanium signals were taken. A summary in
ranked order of the average of five separate counts at each position on the
rod is presented in table 6. Large quantities of titanium were detected at
each position, with no significant measures of molybdenum. This proves con-
clusively that titanium diffuses through the molybdenum layer and well into
the copper sputtered layer. This also supports the fact that failure occurred
within the copper and not at any boundary between the metallic layers.
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Ion Microprobe Data for Position C on Coupon Q513 (Chip).
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Ion Microprobe Data for Position C on Coupon Q513 (Rod).

Figure 26.




Table 6. Average Counts Representing the Level of Detected
Titanium at the Rod Locations for Q513 No. 10
(Ranked in Descending Order of Titanium Present).

Rod Average of Five
Location Separate Counts X 106

G 4.42

H 2.33

C 2.26

A 2.13

F 2.07

B 2.01

0 1.88

K 1.26

L 1.23

M 1.19

b g 0.61

P 0.52

D 0.41

E 0.11

Note: Position J removed to facilitate analysis. Position N

completely covered by BeO.
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Titanium does diffuse through the molybdenum and into the copper (figure
27) and titanium and copper do form numerous intermetallic compounds. These
intermetallics are brittle non-load-bearing constituents, which explains the
deterioration in tensile strength of the bond and the change in failure mode
with thermal excursions. Figure 28 shows the change in failure modes in
tensile strain with thermal cycling. The failure mode without thermal cycles
is one of rupture of the underlying ceramic. Tensile strengths are on the
order of the tensile strength of the BeO, between 10,000 psi and 15,000 psi.
After thermal cycling, the strength is reduced and the failure occurs as a
result of breakdown of the copper-copper diffusion braze. Electron microprobe
analysis (figure 27) shows the titanium which has diffused along the copper
grain boundaries and colonized as intermetallic at the largest grain bound-
ary - between the sputtered copper and the copper rods.

Further support to the deleterious effect of titanium migration is that
when OFHC copper shims were used as substrates the following was observed:
when a shim alone was brazed to pull-test rods, a bond formed which had a
strength in excess of 20,000 psi, even after 25 thermal cycles. When copper
was sputtered on the shims and then brazed, the same strength levels were
seen. When the standard sputtered layers of titanium-molybdenum-copper were
sputtered on a copper substrate, brazed, and pull tested, a tensile failure of
about 8,500 psi was recorded. This is comparable to the results achieved with
BeO, but well below that of copper alone. Finally, titanium alone was sput-
tered on one side of a copper substrate. Pull test results were on the order
of 2,900 psi. This gteatly reduced tensile strength is comparable to standard
sputtered BeO after thermal cycling. The fact that titanium led to pull
strengths of such a low value, coupled with the thermal cycling failure ex-
perienced with composite sputtered coupons, points to the critical effect of
titanium interaction with copper brought about by diffusion.

5.5 Thermal Fatigue

5.5.1 Introduction. The phenomenon of a decrease in bond strength, and the
inferred decrease in thermal conductivity with thermal cycling, is the most

serious problem associated with the Ti-Mo-Cu sputtered layer system on BeO.

Both titanium diffusion leading to a copper intermetallic formation, and the
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Figure 27. Electron Microprobe Comparison of Sputtered Film Morphology
Showing Titanium Diffusion After Thermal Excursions.
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a) DIRECT VIEW OF Q509 NO. 1
COUPON AFTER TENSILE
FAILURE TEST - NOTE CERAMIC
FRACTURE AT POINTS OF
CONTACT BY PULL TEST ROD.
TENSILE STRESS: 12,430 psi
X10

b) DIRECT VIEW OF COUPON Q513
NO. 11, AFTER TENSILE FAILURE.
SOME CERAMIC FRACTURE AND
SOME COPPER STILL AT POINTS
OF CONTACT. TENSILE STRESS:
2628 psi X 10

136-021318

Figure 28. Failure Modes With and Without Thermal Cycling.
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thermal stresses associated with the different layers, compound to markedly
influence bond deterioration. As a single factor, the intermetallic is the
more severe problem, but the effect of thermal strain as an accelerator of
diffusion accentuates the main problem.

For this work, a thermal cycle consisted of heating a coupon in wet
hydrogen from room temperature up to 500°C for 10 minutes, and then cooling
to room temperature (25°C) for 15 minutes. This simulates environmental con-
ditions in tube usage, ie, one on-off cycle of the tube at full power. Some
samples were cycled prior to diffusion brazing. Others were brazed and then
cycled for the prescribed number of cycles before pull testing. The standard
or baseline sputtering schedule consisted of depositing 1,500 A of titanium,
5,000 R of molybdenum, and approximately 9 pm of copper with no time delay
after air firing prior to deposition. The experimental variables and the as-
sociated sample coupon numbers are listed in table 7. Table 8 is a summary of
the thermal cycling effect on tensile stress. All failure stresses represent
three datum points unless otherwise noted. When thermal cycling had reduced
bond strength below 2,000 psi or 25 cycles were concluded, no further cycling
tests were performed. This was considered to be sufficient to determine the
trend and what effect the sputtering process variable had on bonding.

5.5.2 Cycling at 500°C without Brazing. Table 9 is a summary of tensile
failure stresses for a standard sputtered coupon with associated thermal
cycles prior to brazing. No drastic bond strength reduction is evidenced with
cycling of the coupon prior to high temperature (1,015°C) brazing. Any minor
reduction of the ultimate bond strength may be associated with the thermally
induced stresses between the metallic and ceramic interfaces and is not due to
titanium diffusion or intermetallic formation. Failure occurred by ceramic
fracture and not a breakdown of the sputtered films. The low variation in
failure stress as expressed by the standard deviation is indicative of the
low-level influence of cycling alone and suggests the noncritical nature of
storing sputtered coupons under ambient conditions.

5.5.3 Hygroscopic Effect on Thermal Cycling. Thermal cycling revealed that
the hygroscopic effects of BeO led to an overall deterioration of bond

strength (figure 29). For substrates held for more than 1 day after firing




= Table 7. Summary of Experimental Variables
o in the Sputtering Process.

%
; Coupon S S o
o Number Experimental Variable
? Q509 No delay after air firing and sputtering (Dencted
f standard sputtering schedule)
; Q513 l-day delay after air firing and sputtering
! Q518 3-day delay after air firing and sputtering
¥ Q515 7-day delay "after air firing and sputtering
% Q516 l4-day delay after air firing and sputtering
§ Q519 No air firing
: | 0520 No titanium
i Q523 Poor onset vacuum
g Q525 2 times titanium thickness (3000 R)
527 One-half molybdenum thickness (2500 )
; Q530 No molybdenum
' Q531 2 times molybdenum thickness (10,000 R)
: Q546 Standard sputtering and 600°C preheat under vacuum
Q533 Duplicate Q546 with interim cooling
Q534 Sputter etch
9535 Bias sputter titanium
Q536 Standard sputtering
Q537 Done with Q536 - Equivalent to Q536
Q538 Higher power titanium (1.2 kW vs 1.0 kW standard)
Q540 Copper only
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Table 9. Thermal Cycling Effect on Sputtered Coupon (Q509)
Before Brazing to Rods for Tensile Testing.

Tensile Failure Stress

Number of (psi) Number of
Cycles X o Datum Points
None 11,699 579 5
10 10,208 730 3
100 8,882 733 4
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Figure 29. Deterioration of Bond Strength With Thermal Cycling
for samples With Moisture Entrapment.
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before sputtering (Q518, Q515, Q516), low initial bond strength resulted and
failure below 2,000 psi followed after 15 cycles or less. With only a l-day
delay (Q513), the bond strength loss with cycling approximates that where no
delay was allowed (Q546). In the case where no air firing preceded sputtering
(Q519) , initial bonding was comparable with most samples that had air firing,
but after 25 cycles the bond deteriorated to a low level because of residual
surface contaminants and moisture. Water on the surface of a virgin coupon is
a very important factor, and it must be avoided to produce a useful metallized
product because it greatly reduces initial bond strength. Bond deterioration
generated by thermal cycling appears to be a cumulative process; therefore,
the deterioration to a suboptimum strength level occurs more rapidly because
of the lower initial strength level.

5.5.4 The Influence of Molybdenum Thickness on Thermal Cycling. Thermal

cycling causes reduced bond strength for various molybdenum layer thicknesses
(figure 30). For less than 5,000 & of molybdenum (Q530-no molybdenum; Q527-
2500 R of molybdenum) the failure mode changes from a ceramic pullout to a
metal-ceramic separation. When the molybdenum layer is greater than or equal
to 5,000 & (Q546~5,000 A of molybdenum, 0531-10,000 } of molybdenum) failure
occurs as ceramic pullout and after cycling results in a copper interface
separation. Varying molybdenum thickness does not prevent overall bond
weakening with thermal cycling and has very little effect on the overall
strength after 15 cycles.

5.5.5 The Influence of Titanium on Thermal Cycling. When titanium is absent,
thermal cycling reduces bond strength to zero after 25 cycles (@520, figure
31), which indicates the important role of titanium in both initial bond im-
provement and improved thermal cycling resistance (figure 31). With titanium
of at least 1,500 R'(QS25, Q546), initial bonding is greatly improved, but
decreases with cycling.

An upturn is noted after 15 cycles which does not fit the intermetallic
formation hypothesis. Closer inspection of the inflection at 15 cycles for
the tensile stress curves (figure 32), with the standard deviation span super-
imposed, points out that the data points do indeed result in an inflection.
The standard deviation spans do not overlap at the minima and the upturn is
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Thermal Cycling Effect on Bond Strength

for Varying Molybdenum Thicknesses.
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Figure 31. Thermal Cycling Effect on Bond Strength

for Varying Titanium Thicknesses.
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significant, such that measurement errors should not account for this phenom-
enon. Also, the trend is observed for three separate coupons sputtered on
three different occasions. Q546 and Q533 are identical in their metallic
layer thickness, but Q533 had a cooling period during copper deposit. Q525
has similar molybdenum and copper layers but twice the amount of titanium.
Only these particular combinations display the decrease followed by an in-
crease of bond strength with thermal cycling. The reason is not understood,
but it will be studied in more detail in the next phase of the investigation.
Of special interest is the question: does the increasing trend continue, and,
if so, why?

5.5.6 Process Alteration Effects on Thermal Cycling. Sputter etching (Q534),

which produces copper contamination onto the coupon surface from the under-
lying copper pallet, does not appear to affect the bonding behavior with ther-
mal cycling (figure 33). The trend follows very closely the results of a cou~
pon which did not have sputter etching (Q546) but did have the same layer
thicknesses. The conclusion is that the titanium accounts for the minimal
bond strength characteristic observed with thermal cycling.

One variable which does markedly affect the inverted behavior with opti-
mum titanium and molybdenum layer thicknesses is the vacuum achieved prior to
sputtering. Coupon Q523 represents a coupcn that was sputtered with only a
10~4 torr vacuum as opposed to a vacuum of 10~5 torr or better for the other
coupons (Q533, 0534, and Q546). 1Initial bond strength is one-half of those
vhere onset vacuum was better. With cycling, a rise in strength results.

This must be attributed to some titanium interaction with the beryllia or the
reduction of surface contaminants by interstitial diffusion through the sput-
tered layers. In any event, the initial bond strength value is of relatively
low proportions, making initial vacuum an important variable for attaining
strong bonds. A measured point for sputtered copper alone is included (Q540)
to show the absolutely low bond strength that occurs without titanium (com-
parison with 0530, figure 31, where titanium and copper were deposited).

5.5.7 Generalizations. The overall conclusions are that air firing increases
the initial bond strength attainable and that delay prior to sputtering marked-
ly affects the decrease in strength with cycling, acting as an accelerating
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factor. Molybdenum thickness on either side of 5,000 2 reduces fatigue life.
Given a molybdenum thickness of 5,000 %, titanium is necessary to improve
bonding and the effect is to produce a minimal trend in bond strength given
air firing and good initial vacuum. Sputter etching has no noticeable effect
on thermal cycling bond strength behavior.

5.6 Titanium Diffusion Model

As a solid state reaction, diffusion of titanium into and through molyb-
denum will proceed in a simple substitutional process where no compounds form
(figure 34) because of their complete solubility over the whole concentration
range. Diffusion should proceed to a typical S-shaped concentration gradient
over distance with time. Once the titanium front reaches the copper it would
be expec:ed to proceed until an intermetallic composition is reached at about
20 weight percent (25 atomic percent) titanium (figure 35). Once this occurs,
any further influx of titanium would result in further compound formations
until the whole series of four separate intermetallics as set forth in the
equilibrium phase diagram are lined up at the copper-molybdenum interface
(figure 36A). This assumes appropriate time for true equilibrium. Also, once
established, these intermetallics would be difficult to dissolve to produce
diffusion further into the copper, and the various layers would always remain
intact. However, what is observed is not as theoretically expected. The
intermetallic or high concentration of titanium appears at the copper surface
along the diffusion braze to the copper rods as shown in figure 36B. The only
explanation for this behavior is that titanium, upon entering copper, diffuses
along the grain boundaries at a faster rate than it enters from the molyb~-
denum. It colonizes along the largest grain boundary - sputtered copper to
solid copper interface braze, where, based on diffusion rates and energy
constraints, nucleation and compound growth occur. Once a compound forms it
does not diffuse in the same manner as atomic titanium and is therefore
trapped at this location.

A series of experiments were devised to study the titanium diffusion and
intermetallic formation in this unexpected location. Coupon Q537 was used; it
was sputtered along with Q536, which had cycling stress measurements. Table
10 summarizes the experiments performed. Figure 37 shows the separate film
spatial relationships, as revealed by the electron microprobe, in the as-
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Figure 34. Titanium-Molybdenum Binary Equilibrium Phase Diagram.l5
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sputtered state. The layers are discrete and continuous, lying next to each
other just as they were deposited. Figure 38A shows the titanium morphology
after 50 thermal cycles at 500°C without brazed rods. No titanium has dif-
fused into the molybdenum or the copper, signifying that this temperature is
insufficient to activate titanium diffusion into molybdenum. Brazing temper-
ature in excess of 1,000°C activates titanium diffusion. Whether the coupon
experiences thermal cycling prior to the high temperature excursion or whether
copper rods are attached during brazing does not alter the large amount of
titanium that colonizes at the free surface of the copper (figure 388, C, D).
Thermal cycling after brazing does not appear to increase the amount of
titanium that appears at the copper surface (figure 39), but it is known that
bond strength in this region falls off with thermal cycling.

The effect of the rods was expected to alter titanium diffusion because
of the additional amount of strain energy ihtroduced with the thermal expan-
sion of the copper rods. At 1,000°C there appears to be sufficient thermal
energy to induce titanium to diffuse into and through the molybdenum. Once it
enters the copper, the migration occurs so fast that it moves forward along
the copper grain boundaries, depleting any entering titanium as fast as it
appears. The grain boundary migration proceeds into the copper until the ex-~
posed surface of the copper is reached. Once there, buildup occurs because
this large grain boundary inhibits further movement, and the process of sur-
face diffusion becomes predominant. Given sufficient concentrztion of tita-
nium, intermetallic compounds form by nucleation and growth, because of the
low energy required for this to occur at the very favorable nucleation sites
of the free surface. An intermetallic compound is more stable and it acts to
tie up any back diffusion of titanium because the titanium atoms are no longer
free to dissolve out of the intermetallic state. The growth process continues
until all of the titanium is converted into intermetallic compounds and equi-
librium is achieved. This model explains the concentration of titanium at the
free surface of the copper and its absence in the copper matrix. Occasional-

ly, dense concentrations of titanium appear within the copper film as islands f
(figure 38B). Based on the model presented this can be rationalized as a site h%
where compound nucleation occurred because of some imperfection in the copper
film, and it behaves exactly like the free surface of the copper once this %

nucleus has grown to a stable size. .
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Figure 37. Film Morphology for Q537, As Sputtered,
Revealed by the Electron Microprobe.
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A. 50 THERMAL CYCLES WITHOUT B. BRAZE TEMPERATURE WITH RODS
RODS ATTACHED AND NO CYCLES

C. 50 THERMAL CYCLES WITHOUT D. BRAZE TEMPERATURE WITHOUT
_ RODS AND BRAZE TEMPERATURE RODS AND NO CYCLES
g WITH RODS
i 156-021328

Figure 38. Titanium Spatial Relationships With Thermal Excursions,
As Revealed by the Electrorn Microprobe.
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A. BRAZED AT 1015 °C WITH RODS PLUS
25 CYCLES

B. BRAZED AT 10I15°C WITHOUT RODS PLUS
25 CYCLES WITHOUT RODS
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Figure 39. Titanium Spatial Relationships for Cycled Chip After Brazing,
As Revealed by the Electron Microprobe.
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6. CONCLUSIONS

The removal of hygroscopic moisture from the surface of the BeO substrate
by air firing and immediate sputtering is a necessary practice to achieve
continuous sputtered films leading to optimum bonding.

Oxygen~free copper alone cannot be sufficiently bonded by sputtering and
brazing to BeO at this time to be employed in high power microwave devices.

A molybdenum layer of 5,000 A is necessary and sufficient to inhibit
subsequent copper diffusion at 1,000°C.

The introduction of an active metal such as titanium is one way to
achieve maximum tenacity of sputtered metallic films. The mechanism for this
bond enhancement is to provide a nonabrupt transition zone from ceramic to
metal.

Excessive substrate heating during metal deposition will result in per-
manent residual stresses which should exhibit themselves in a reduced resist-
ance to thermal fatigue.

Sputter etching does not affect the bond tenacity achieved with the Ti-
Mo-Cu metallic system.

Bias sputtering has a negative effect on the bond strength produced,
perhaps because of the reduced momentum of atoms arriving at the ceramic sur-
face.

Titanium diffusion through the molybdenum and into the copper, where it
reacts to form intermetallics, is the cause of bond deterioration. This ef-
fect is triggered by the high temperature excursion required to diffusion
braze copper to copper and can proceed to completion at 500°C.
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